Introduction
Computational modelling in science constitutes a means to capture and integrate accumulated knowledge and contemporary paradigms, and test their consistency with quantitative experimental observations [1, 2] . From its very beginning, the application of this methodological tool to biology has been driven by a desire to answer focused scientific questions (e.g. metabolic control of glycolysis [3] ) rather than serve any grand, broad ambition to eventually capture and predict 'everything' (e.g. the E-Cell project [4] ). Indeed, when Chance and co-workers in the late 1950s reported the results of their pioneering application of machine-based computing to test contemporary understanding of metabolic control in aerobic glycolysis, the authors made a point of explicitly stating that biochemical completeness was not a design criterion [3] .
The nature of the C-models developed within the Virtual Physiological Human (VPH) project [5] [6] [7] is in that sense somewhat different in that its objective is to develop predictive numerical tools to address medical rather than abstract scientific problems. First of all, this specific objective significantly raises the bar of admissible minimal level of C-model complexity. Suitable VPH C-models must ultimately mechanistically incorporate model output sensitivity towards, on the one hand, risk factors embedded in individual human genotypes and, on the other hand, therapeutic drug interactions [5] [6] [7] . In & 2016 The Author(s) Published by the Royal Society. All rights reserved.
addition, it raises the need for species-specificity and detail of the quantitative database for VPH model development. For example, in the example of the early numerical investigation of metabolic control in glycolysis, it was deemed adequate and sufficient to parametrize the C-model using in vitro enzymatic data from yeast and subsequently test their model against experimental data obtained at non-physiological temperature and pH in suspensions of non-vascularized mouse carcinoma cells [3] . It remains to be proved that such a 'Frankenstein' approach to human C-model development is adequate and sufficient to accomplish the objectives of the VPH [8] . It may well turn out that it will require multi-dimensional quantitative data collected from human cells and organs, preferably including interactions with other cell types and organs, in both healthy and diseased states. Of course, this provision does not per se disqualify the use of any non-human animal E-model towards C-model parameterization, verification and validation, as will be discussed below. The specific medical objective of the VPH project does, however, impose constraints on which E-models do qualify.
Physiological realism is an essential criterion in this matter. Here, its measure is defined as the quality of reconstitution of the in vivo state in a laboratory setting. The ideal E-model requires complete functional reconstitution of the multi-scale network of genes, proteins, cells and tissues that interact in the intact living human body. Obviously, such level of completeness in a laboratory setting (or in silico, for that matter) is either practically untenable or experimentally intractable. As such, many of the same objective-guided rational and/or practical choices and compromises that must be made in computational modelling need to be made in E-model design. An exciting future perspective is the application of personalized E-and C-models for in vitro and in silico drug testing to guide personalized therapeutic interventions.
In this essay, challenges, choices and recent progress in improvement of the physiological realism of E-models ranging from isolated cell organelles to human organs in vivo that may support C-model development for the VPH are highlighted and discussed using examples from the field of research on cardiovascular disease, musculoskeletal disorders, diabetes and Parkinson's disease (PD).
2. Improving experimental models to study human organ function
Isolated mitochondria
Mitochondria are cellular organelles where carbon substrates derived from carbohydrates, amino acids (following deamidation) and fatty acids undergo terminal oxidation, and the free energy obtained from those terminal oxidations is transduced into the free energy of ATP hydrolysis reaction through oxidative phosphorylation (OxPhos), which then drives cellular functions. In other words, the net reactions occurring in mitochondria are the complete oxidation of carbon substrates to CO 2 and H 2 O and the synthesis of ATP from ADP and inorganic phosphate (P i ) in response to cellular energy demand (i.e. hydrolysis of ATP into ADP and P i in the extramitochondrial space) [9] . Key questions in the context of the role of mitochondria as cellular energy transducers are how mitochondria sense ATP demand, how the flux of ATP synthesis is regulated in order to achieve energetic homeostasis and how those processes are altered in pathophysiological states [8] . Isolated mitochondria-based E-models have played a crucial role in the development of C-models of OxPhos, which then provided a means to predict in vivo regulation and dysregulation of energy metabolism. This section provides a brief history of isolated mitochondria as an E-model and how E-models and C-models for cardiac and skeletal muscle mitochondria have contributed to our understanding of in vivo regulation of oxidative ATP synthesis in the mammalian heart and skeletal muscle. Potential future directions for improving the physiological realism of isolated mitochondria-based E-models are provided in conclusion.
The most essential ingredient of E-models for studying mitochondrial function in isolation is a preparation of mitochondria from primary tissue by homogenization and differential or density gradient centrifugation. Media and preparation strategies for intact mitochondria were derived from the work of Hogeboom et al. [10] and Claude [11] . Applying those strategies, Chance & Williams [12] isolated intact mitochondria from rat and guinea pig liver and showed that in the presence of excess phosphate the flux of respiration (ATP synthesis) was approximately a hyperbolic function of the concentration of phosphate acceptor ADP. Current methods for preparing intact muscle mitochondria are derived from the initial work of Chance & Hagihara [13] using bacterial proteases to soften the tissue mince prior to homogenization and differential centrifugation, which proved critical to obtaining chemi-osmotically well-coupled preparations. The criteria for purity and homogeneity of isolated mitochondrial preparations are discussed by de Duve [14] . Subsequent work in the 1970s using isolated cardiac mitochondria most notably by LaNoue et al. [15] was focused on elucidating the regulation of the Krebs cycle through substrate feedback via conserved moieties NADH and CoA. Bishop and Atkinson [16, 17] further extended the realism of the cardiac mitochondrial E-model by reconstituting steady states in mitochondrial respiration in response to fluxes of net ATP hydrolysis in the extramitochondrial space at defined concentrations of P i and total extramitochondrial adenine nucleotide pool sizes. They showed that respiration was a Hill function of ADP (also see [18] ) and that P i reduced the apparent K m of respiration towards ADP and increased the apparent Hill coefficient. They also postulated that P i could potentially act as a feedback signal in vivo for OxPhos. Denton and co-workers showed that divalent cations Ca 2þ and Mg 2þ modulated the activities of TCA cycle dehydrogenases and could play a role in regulating the flux of OxPhos [19, 20] . More recently, a substantial body of work by Balaban and co-workers identified multiple sites of regulation in the OxPhos system by Ca 2þ [21, 22] and P i [23] in cardiac and skeletal muscle mitochondria [24] oxidizing glutamate and malate at physiological temperature and ionic conditions. In summary, the isolated mitochondria E-model showed that OxPhos could be regulated by nucleotide, P i , carbon substrates and divalent cations. Beard and co-workers developed C-models of mitochondrial oxidative phosphorylation [25] and TCA cycle [26] based on data from Balaban and co-workers [23] and LaNoue et al. [27] , which were then successfully applied to predict in vivo measurements of myocardial phosphate energetics and oxygen consumption [28] . The mitochondrial C-model was also applied successfully towards prediction of steady-state energetics in human skeletal muscle in vivo in healthy individuals and in subjects with mitochondrial rsfs.royalsocietypublishing.org Interface Focus 6: 20150076 complex I and ANT deficiencies [29] . These models showed primarily that feedback from products of ATP hydrolysis may be sufficient to explain the regulation of OxPhos in vivo and that the energetic phenotype of heart failure can be explained by remodelling of nucleotide and phosphate pools without any intrinsic mitochondrial functional deficit [28, 30] . Indeed, additional tests using isolated mitochondria using a physiologically oxidized substrate showed only a modest contribution of Ca 2þ to the in vivo range of respiration [31, 32] , an observation explained by the finding cardiac function was unaffected in mouse models in which the mitochondrial calcium uniporter was genetically ablated [33, 34] . However, conditional tissue-specific cardiac mitochondrial uniporter knockout models by Kwong et al. [35] led to a more nuanced picture where exercising mice required a substantial 'warm up time' before being able to exercise at a level similar to control mice and that those changes were associated with changes in calcium content in mitochondria due to adrenergic stimulation. The physiological realism of the Beard mitochondrial C-model was recently revisited by Vinnakota et al. [36] , who showed that the near equilibrium behaviour of F 1 F O ATPase and the rapid transport of P i from extramitochondrial space to the matrix governed the kinetic feedback from P i to the TCA cycle [36] . The results did not support any direct activation of complex III by P i contrary to the models of Beard [25] and Bose et al. [23] .
The main challenge in obtaining a physiologically realistic in vitro preparation of mitochondria is to achieve a complete reconstruction of inherently homeostatic systems [37] with the same control structure observed in vivo. This is largely due to the difficulty of reconstituting mitochondria with extramitochondrial systems that can maintain non-equilibrium steady states in carbon substrates and possess the same elasticities as the in vivo system. A well-known practical problem with this particular E-model, for example, has been the reconstitutionand maintenance during the course of the experiments-of physiologically realistic pool sizes of matrix cations and metabolites (e.g. Krebs cycle substrates (E. Gnaiger 2005, personal communication)). A significant advance in the quality of the experimental preparation used by Vinnakota and co-workers has therefore been to reconstitute a family of respiratory steady states in isolated cardiac mitochondria oxidizing pyruvate while measuring respiration, NADH, inner membrane potential and steady-state ADP at specified total adenine nucleotide and phosphate pool sizes at physiological temperature and ionic conditions (figure 1) [36] . Prior numerical simulations of the experiments proved valuable to identify particular sensitivities of the preparation. Thus, despite the challenges, research in this area has indeed demonstrated that observations on in vitro E-models indeed can effectively inform C-models that explain and predict in vivo physiological function in health and disease. This successful extrapolation from in vitro to in vivo requires a judicious design of appropriate isolated mitochondrial E-models to simulate physiologically relevant conditions obtained from intact organ measurements and C-models to bridge the gap between in vitro and in vivo levels of organization.
Isolated pancreatic islet cells from human donors
The pancreatic islets secrete insulin and glucagon, two of the body's most important metabolic hormones. Glucagon (secreted by the islet alpha-cells) is the body's principal hyperglycaemic hormone (i.e. increases plasma glucose), whereas insulin (secreted by the islet beta-cell) is the only hypoglycaemic (i.e. lowering plasma glucose) hormone. Much of our knowledge of the regulation of insulin and glucagon secretion comes from work on rodent pancreatic islet cells [38, 39] . Here, we will focus on the control of insulin secretion in the beta-cells. Although human and rodent beta-cells share many features, they are not identical [38] and it is therefore crucial that key observations in rodents are validated in human cells. Moreover, some of the characteristics that make laboratory mice attractive experimentally (e.g. the limited genetic diversity) also represent a shortcoming that makes successful translation of results into the clinic more difficult [40] . In this section, results of comparative physiological studies of rodent versus human beta-cells are reviewed and discussed in the context of whether or not rodent E-models may be adequate and sufficient to support C-model development of human organ systems. The merit of experimental approaches to 'humanize' mouse models to study disease and discover drug targets [40] will also be considered.
Pancreatic beta-cells are electrically excitable and generate action potentials when exposed to glucose concentrations stimulating insulin secretion [39] . In mouse beta-cells, the glucose-induced electrical activity (that emerges at glucose concentrations 6-7 mM) is oscillatory and consists of depolarized plateaux on which action potentials are superimposed that are separated by repolarized and electrically silent intervals [41, 42] . Work on isolated mouse beta-cells has identified and characterized many of the membrane currents that underlie this electrical activity. Key players include ATPregulated K þ channels (K ATP channels) and voltage-gated L-type Ca 2þ channels. The K ATP channels are active at low glucose concentrations. Following an increase in ( plasma) glucose concentration, stimulation of glucose metabolism in the beta-cells leads to an increased cytoplasmic ATP/ADP ratio which leads to inhibition of the KATP channels that are spontaneously active at low glucose concentrations (when the intracellular ATP/ADP ratio is low). Glucose-induced closure of the KATP channels results in membrane depolarization and when it exceeds a threshold potential of 260 to 250 mV, regenerative electrical activity consisting of Ca 2þ -dependent action potentials is generated. Thus, beta-cell electrical activity results in stimulation of Ca 2þ influx and is therefore associated with an elevation of the cytoplasmic Ca 2þ concentration, which culminates in initiation of Ca 2þ -dependent exocytosis of insulin-containing secretory granules [39] . Insulin thus released into the islet interstitium diffuses into the islet capillary network and travels to the target organs via the circulation and there promotes the uptake and deposition of glucose [43] . The resultant reduction of plasma glucose leads to termination of insulin secretion via a reversal of the process outlined above, thus providing an elegant feedback system for the regulation of systemic glucose metabolism. Defects in this regulation (i.e. due to reduced capacity of the beta-cell to increase the cytosolic ATP/ADP ratio) leads to reduced insulin secretion and this is believed to be a cause of type-2 diabetes (adult onset diabetes) [44] .
Many of the processes outlined above for mouse beta-cells have their counterparts in human beta-cells. However, there are notable differences. First, insulin secretion is stimulated at lower glucose concentrations in man than in mice (3 mM versus 6-7 mM) [45, 46] . Second, glucose-induced electrical activity in human beta-cells does not appear to exhibit the membrane potential oscillations that are so conspicuous in mouse beta-cells [47] . Third, resting KATP channel activity is much lower in human than in mouse beta-cells, a feature that may contribute to the lower threshold for stimulation of insulin secretion in man [38] . Finally, the ion channel complement of human beta-cells is quite different from that of mouse beta-cells [48] . For example, voltage-gated, tetrodotoxin-sensitive Na þ channels play a more important role in human beta-cell electrical activity and insulin secretion. Human beta-cells also have a large low-threshold (T-type) Ca 2þ current, absent in mouse beta-cells, that is critical to action potential initiation in human beta-cells; and P/Qtype rather than L-type Ca 2þ channels are linked to insulin rsfs.royalsocietypublishing.org Interface Focus 6: 20150076 granule exocytosis. These differences are naturally highly significant when it comes to the interpretation of the genetic data that are now emerging. Clearly, ion channel gene variants ( polymorphisms) linked to diabetes are unlikely to affect insulin secretion if the gene is not expressed in the human beta-cell. In such cases, any association may instead be secondary to neuronal appetite control and obesity. There have been numerous mathematical models of mouse beta-cell electrical activity (see [49] for a few references to this earlier work). Surprisingly, they almost invariably reproduce the oscillatory electrical activity that can be recorded from beta-cells in freshly isolated mouse pancreatic islets although the parameters used in the modelling work are almost exclusively and deliberately [50] derived from experimental studies on isolated cells that do not generate the characteristic oscillatory electrical activity [51] . This correlates with the loss of a slowly activating Ca 2þ -dependent K 0 current (Kslow) in isolated beta-cells. It would be interesting to construct a robust model of the isolated human beta-cell [52] based on actual functional parameters (i.e. without any tweaking) and compare that to the electrical activity that can be recorded experimentally. Such a model would be a useful base for future work and to explore the significance of differences observed between isolated beta-cells maintained in tissue culture and beta-cells within intact pancreatic islets. The parameters may then be altered to reflect differences between beta-cells in the intact organ after isolation to determine if these changes are sufficient to produce oscillatory electrical activity. Indeed, the addition of Kslow to a nonbursting model of isolated beta-cells is sufficient to give rise to bursting electrical activity, providing proof of concept for the usefulness of the approach (figure 2).
As mentioned above, membrane potential recordings from human beta-cells have provided only limited evidence for oscillatory electrical activity but it has not been conclusively established whether this represents a true difference between mouse and human islets or whether it is simply a consequence of the experimental protocols. To date, no membrane potential recordings from beta-cells within acutely isolated intact human islets have been reported. It is also noteworthy that these experiments should perhaps be conducted at lower glucose concentrations than those used in mice as suggested by the lower threshold for glucose-induced insulin secretion Furthermore, it is unknown to what extent the characteristics of beta-cell electrical activity observed in vitro are relevant to the control of insulin secretion/ electrical activity in vivo. In the intact body, the islets are strongly innervated and they are-via the rich vascular supply-exposed to a plethora of circulating factors, many of which are likely to influence both insulin secretion and beta-cell electrical activity.
It is important to note that despite the significant differences between mouse and human beta-cells, this does not invalidate studies in mouse beta-cells. Starting with a good model of mouse beta-cell electrical activity, it may be possible to 'humanize' the mouse beta-cell in silico by addition/ removal of membrane currents, study the impact on electrical activity and compare the properties of electrical activity in such humanized models of beta-cell electrical activity with that experimentally observed. Such humanized models might also be of great use to predict potential side effects of novel drugs on beta-cell electrical activity and insulin secretion. A similar approach may be used to predict the impact of variants of genes encoding ion channels on electrical activity and insulin secretion [55] . For example, variants of KCNQ1 (that encodes a voltage-gated potassium channel) has been linked to diabetes risk [56] but it is debated whether the effect is mediated by a genetic or electrophysiological mechanism [57] . However, the finding that KCNQ1 is expressed at only low levels in human beta-cells [58] and the absence of a potassium current component with the biophysical signature expected for such a current militate against the latter possibility.
Another 'complication' inherent to the work on human beta-cells is that they (by necessity) are obtained from dead organ donors and the islets have experienced a variable period of ischaemia prior to isolation of the islets. It is also unclear to what extent medication during the intensive care that preceded the death of the donor may have affected the function and properties of the isolated islets cells. It is possible that human beta-cells/islet-like structures derived from Figure 2 . Model-based simulations of electrical activity of a human pancreatic beta-cell. To reproduce the electrical activity of pancreatic beta-cell, we used a model of Cha et al. [50] which was adjusted with some updated parameter values (table 1) [50] . Specifically, it has been reported that IKslow was experimentally a mixed current of small-conductance KCa channel current (IKCa(SK)*) [53] and KATP current (IKATP) [54] . The latter has been supposed to compose IKslow about by half [54] . Therefore, to simulate effects of the inhibition of IKslow, IKCa(SK) and IKATP were decreased to zero and 55%, respectively, from 4 min (horizontal bars above the traces). The cell was stabilized at 6 mM glucose at first, but started to excite with regular spikes by the inhibition of the two currents. To examine the role of interaction between Ca 2þ and IKCa(SK) in state transition from regular spiking to bursting oscillation, IKCa(SK) was restored to its control value from 8 min. In the simulation, intracellular Na þ and K þ concentration was fixed at 5 mM and 140 mM, respectively, to mimic the effect of intracellular perfusion by a patch pipette. Each panel shows time-dependent change in V m (a), and amplitude of decreased currents (b) (IKATP, black; IKCa(SK), red). * IKCa(SK) was marked as 'IKslow' in the model by Cha et al. [50] , but we renamed here to avoid confusion. (Online version in colour.) rsfs.royalsocietypublishing.org Interface Focus 6: 20150076 stem cells represents a means of better defining the functional characteristics of the 'healthy' beta-cell [59] .
As mentioned above, defects in the stimulus-secretion coupling of the beta-cell outlined above is likely to result in type-2 diabetes. However, the exact nature of the dysfunction of the diabetic beta-cell remains poorly characterized, mainly because of very limited access to human beta-cells. A further complication is the progressive nature of diabetes. Although it is likely that the function of the beta-cell is compromised in the type-2 diabetic individual, it should be kept in mind that the beta-cell may have functioned adequately for 50-60 years prior to the onset of the disease. What triggers the deterioration of beta-cell function in those that develop diabetes is not known. Age itself is not necessarily the causal factor. In fact, there are some data suggesting that the beta-cells become hyper-responsive with age (i.e. the reverse to what may have been expected) [60] . Again, in silico analysis combining models of insulin secretion with insulin signalling in the target organs may help to resolve this apparent conundrum.
Finally, a central question in all experimental studies is how much of the function of the beta-cell in vivo can be gleaned from studies on isolated cells in vitro. Ideally, much of the work should of course be conducted on human betacells residing within living (healthy or diabetic) individuals but such techniques are not currently available and will probably remain so for the foreseeable future.
Parkinson's disease phenotypes of human dopaminergic neurons in culture
Availability of living human cells for physiological study from organs and tissues, like the pancreatic islet cells from human donors discussed in the previous section, is typically very limited. For many neurological diseases such as PD, cells from the affected organ (the brain) are inaccessible and are only available post-mortem. As such, any alternative to the invasive procedure of harvesting living cells from human organs to obtain suitable E-models for medical application other than blood and skin would be highly desirable. Here, a promising novel approach in PD research is discussed that exploits recent advances in cellular phenotypic reprogramming technologies and may well offer such an alternative. Similar to type-2 diabetes, animal models of PD have been useful for elucidating disease mechanisms and identification genetic causes [61] . For example, early animal models of PD using neurotoxins that target dopaminergic neurons such as MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydopyrine) produced motor deficits that mimic those observed in human PD [62] . However, these E-models do not faithfully recapitulate the slow time-dependent progression of neurodegeneration observed in human patients nor capture the effect of genetic mutation in patients [63] . As such, it may be proposed that E-modelling the disease in the very same human neurons that die in PD will be necessary to discover therapies that will actually prevent neurodegeneration rather than merely provide relief of symptoms as is currently the case in PD [63] . But how can this be done?
Induced pluripotent stem cells (iPSC) offer an unparalleled opportunity to generate and study physiologically relevant cell types in culture [64] . Recently, this approach has been adopted to generate human cellular E-models of PD in culture [63, 65] . Briefly, a small biopsy is taken from the skin of a patient and explanted so that fibroblasts may grow out from the biopsy sample in vitro. Next, a set of reprogramming factors is delivered, typically by viral transduction, to transform the cells into iPSC. The cells are then differentiated into midbrain dopaminergic neurons. Functional studies confirmed the dopaminergic nature of these neurons by demonstrating electrical activity and the production and release of dopamine (figure 3) [65] ).
Study of these cells is advantageous towards understanding the aetiology of PD as well as discovery of preventative therapy. First and foremost, no alternative source of living human midbrain dopaminergic neurons has been previously available. Secondly, patient-derived iPSCs carry the genetic background of the disease and should help discover genetic interactions which may lead to PD. iPSC lines have been generated from fibroblasts of patients carrying SNCA, PINK1, PARK2 or LRRK2 mutations, all of which are known PDrelated mutations [63] . Thirdly, these E-models will enable studying the early changes in cellular physiology that eventually lead to pathology. The latter is key to the development of therapies that may prevent neurodegeneration in PD. The 'how to' knowledge of generation and differentiation of human iPSCs into relevant cell types discussed here in the context of PD offers a generic technology platform to generate human in vitro E-models of disease. Indeed, the application of this technology to develop in vitro human cell models of other significant diseases has been rapidly expanding. Recent examples include human cell models of other neurodegenerative diseases such as Huntington's disease [66] and Alzheimer's disease [67] , familial cardiomyopathy [68, 69] and familial cancer [70] . In addition to enabling study of the development and progression of the diseases, these human E-models offer a versatile platform for therapy and drug testing [69] . Some limitations of these cell models remain, however. First of all, careful phenotypic benchmarking of a particular cell population under investigation is required. Secondly, living human organs typically consists of multiple interacting cell types rather than any single cell type. As such, any proper reconstitution of the in vivo steady-state in these human cell models may well require reconstituting this cellular heterogeneity using approaches from the field of 'organoid' cell model development [71] .
The isolated perfused heart
The isolated saline perfused heart is likely one of the most popular in vitro preparations in cardiovascular research. Despite its popularity, based mostly on its ease of preparation and rapid collection of data, it has been suggested for many years that the oxygen tension is inadequate to support oxidative phosphorylation even under resting conditions. This is despite the large increase in coronary flow rates when compared to estimated coronary flows in vivo. Various studies added back red blood cells or perfluorcarbon emulsions to increase the oxygen-carrying capacity of the tissue and found profound increases in cardiac performance coupled with reductions in coronary flow, consistent with the notion that oxygenation was limiting and that a flow reserve for experimentation was now available much like under in vivo conditions [72] [73] [74] [75] [76] [77] [78] [79] [80] . Furthermore, others went on to demonstrate that myoglobin was significantly deoxygenated in heart perfused with ordinary saline [81] , providing direct evidence that the cytosol of the myocyte was not adequately oxygenated while NADH fluorescence studies of the complex 1 redox state also suggested that the perfused heart was on the brink of mitochondrial hypoxia [82] . This is consistent with the very early work from Chance's laboratory suggesting the existence of remarkable gradients in oxygen tension within the heart [83] . Even though much of this work came from leading laboratories, the problem with insufficient oxygenation and its functional implication has remained understudied and the traditional (saline perfused) heart preparation has remained the preparation of choice in pharmaceutical and physiological studies.
Recently, methods for monitoring the redox-sensitive chromophores of the complexes of oxidative phosphorylation in isolated mitochondria and perfused hearts have been developed [84] . It was this thus possible to demonstrate that the different redox states of cytochrome oxidase can be differentiated in intact mitochondria and tissues [85] . This approach permitted the differentiation of cytochrome oxidase reduced by ATP synthesis and hypoxia. Also important for this discussion is the ability to monitor myoglobin independently from the redox species of cytochrome oxidase permitting the estimate of the cytosolic and mitochondria oxygenation levels. In preliminary studies in the saline perfused rabbit heart (figure 4; [84] ) significant levels of reduced cytochrome a,a3 in its fully reduced state were observed, and any induced change in workload with pacing or beta agonists resulted in an increase in the hypoxia form of cytochrome a,a3. These results are consistent with early studies on the saline perfused rabbit heart where increases in perfusion flow with afterload resulted in an oxidation of cytochrome oxidase and myoglobin when compared to the control [86] . However, the spectral analyses of these early studies were limited and hampered by an error in using a chemically oxidized form of myoglobin as a reference. However, all these studies were consistent with the concept that oxygen restricts oxidative phosphorylation in the saline perfused heart when compared to the in vivo condition [87] . We contend that any future use of the isolated saline perfused heart should be reconsidered in favour of more physiological experimental paradigms that ensure adequate tissue oxygenation. To this end, the perfusate should be supplemented with either red cells or perfluorocarbon and the oxygen tension should be monitored. Preliminary studies support the earlier functional studies suggesting that the perfluorocarbons improves tissue oxygenation, coronary flow reserve and restores mitochondrial redox state to levels more consistent with what is observed in the heart in vivo.
Human organs in vivo

The human heart
The ideal assessment of cardiac function includes assessment throughout a range of haemodynamic stressors, just as the heart is required to respond to differing haemodynamic environments during daily life. It is also important to note that the first sign of heart disease typically occurs during exercise and thus it is critical to understand normal cardiac physiology during exercise to distinguish abnormalities in function due to disease. For example, ischaemic heart disease does not usually cause any abnormalities in cardiac function at rest but manifests as metabolic and functional derangements in those regions in which the metabolic requirements of the exercising myocardium exceed coronary blood supply. Similarly in heart failure, patients most often progress from asymptomatic or 'sub-clinical' cardiac dysfunction through exertional breathlessness to severe symptoms when abnormalities may be readily detectable at rest. Assessment of cardiac function during exercise provides an opportunity to identify cardiac pathology at a far earlier stage of the disease process, a time in which treatments often have greatest efficacy. Cardiac reserve is a term used to describe the heart's capacity to respond to the increasing workload of exercise. Although there are numerous theoretical reasons as to why cardiac reserve should serve as a critical key measure in understanding cardiac symptoms and limitations, the promise has not been realized because cardiac imaging is more difficult and less accurate during exercise. Increases in heart rate and respiratory capacity represent substantial challenges for ultrasound, nuclear and magnetic resonance imaging. Thus, much of the potential increase in diagnostic yield during exercise is attenuated by the inaccuracies of our imaging techniques.
Two differing approaches have been taken to address the impasse between the potential benefits of imaging during haemodynamic stress and the difficulties of imaging in this setting. Some investigators have accepted compromises and used 'exercise surrogates' which are more conducive to imaging, whilst others have attempted to improve cardiac imaging such that it can accurately appraise changes in cardiac function during exercise. Exercise surrogates can replicate various aspects of exercise physiology but each has limitations. Betaadrenergic agents (such as dobutamine) increase myocardial contractility substantially, while the chronotropic response is less profound. More importantly, beta-adrenergic agents do not affect venous return, which is normally facilitated during exercise by the substantial increase in vascular flow (cardiac output), the increase in the skeletal muscle pump and the respiratory pump resulting from increasingly negative intra-thoracic pressures during inspiration. Without these factors, the ionotropic and chronotropic stimulation is not matched by cardiac filling and so there is minimal augmentation, or even attenuation, in cardiac filling. Thus there is a loss of stroke volume augmentation due to the Frank-Starling mechanism and increases in cardiac output are modest.
An alternative strategy is to use pacing or predominantly chronotropic stimuli (such as isoprenaline) but this strategy has even less impact on cardiac output and the lack of increase in preload and contractility mean that stroke volume tends to fall, quite the opposite effect of exercise. Cardiac work can be approximated as the product of stroke volume and afterload (mean systemic or pulmonary pressure for the left ventricle and right ventricle, respectively) and increasing exercise intensity demands a progressive augmentation of cardiac work due to an increase in both stroke volume and afterload. Dobutamine tends to increase stroke volume less than exercise and afterload is minimally impacted, such that it represents a lesser stress on the ventricle than does exercise [88, 89] . Figure 5 (and the accompanying online video; electronic supplementary material) compares dobutamine-versus exercise-induced stress in the same patient using real-time cardiac magnetic resonance imaging. As compared with rest, the end-systolic volumes are only minimally reduced during exercise because much of the augmentation in stroke volume comes from the increase in end-diastolic volume. This is very different from the stimulus of dobutamine where all of the augmentation comes from increases in contractility against little afterload and thus there is a far greater reduction in end-systolic volume.
In conclusion, there have been significant advances in cardiac imaging during exercise over recent years and we now have the capacity to assess the function of both the left and right ventricles during intense exercise with great accuracy. Real-time exercise cardiac magnetic resonance (Ex-CMR) imaging with compensation for respiratory translation enables cardiac volumetric quantification of both ventricles during free breathing and maximal exercise. Cardiac outputs determined using this technique correlate very strongly with invasive Fick measures but the reproducibility is arguably better with Ex-CMR [90] . Furthermore, although echo-cardiographic images cannot be acquired in all subjects, the accuracy of measures that can be obtained are reasonably impressive [91] . Thus, we can now move away from the limitations of pharmacological surrogates and more directly assess cardiac function during exercise in humans. Figure 5 . Augmentation of cardiac output during exercise as compared with dobutamine. As compared with rest, cardiac output increases substantially during exercise and modestly with dobutamine. Short-axis cine magnetic resonance images taken at end-systole demonstrate that augmentation during exercise is due to an increase in end-diastolic volumes and a reduction in end-systolic volumes. This is distinctly different from the response to dobutamine, in which the end-diastolic volume is reduced and the end-systolic volume is markedly reduced (seen as a pronounced reduction in end-systolic area in the figure). These differences are more clearly seen in the accompanying video (electronic supplementary material). (Online version in colour.)
Human skeletal muscle
Skeletal muscle has traditionally been a popular in vitro organ E-model in biological energy transduction research (e.g. [92] ) due to its large dynamical range of ATP turnover, spanning two orders of magnitude from the resting to the maximally activated states [93] . The pioneering application of 31 P NMR spectroscopy to study ATP metabolism in living amphibian muscle was reported in the late 1970s [94, 95] . Soon after, the first in vivo 31 P MR spectra from mammalian muscle were obtained in rodents [96] and humans [97] . Using voluntary exercise as an experimental intervention, various biochemical and physiological processes in living muscle including ATP turnover and cellular energy balance, respectively, could be tracked in vivo and near real-time. Medical application of this non-invasive analytical technique soon followed, including diagnosis and evaluation of therapy efficacy in mitochondrial myopathy [98, 99] .
An important scientific advance was the validation of the hypothesis [100] that the phosphate potential, DGp, in resting muscle fibres is 20 kJ mol 21 higher than had been assumed on basis of chemical analysis of muscle biopsy samples (i.e. 265 versus 245 kJ mol
21
, respectively [97] )). This outcome clearly exposed the limitations of the latter destructive E-model for the investigation of human skeletal muscle biochemistry and physiology. Yet, biopsy findings that human skeletal muscle pH drops 0.6 pH units during strenuous dynamic exercise were confirmed in vivo (e.g. [101] ), strengthening the evidence base for the acidification paradigm of short-term muscle fatigue that, at the time, was widely supported ( [102] ). In vivo MRS observations revalidated a rapid drop in muscle phosphocreatine (PCr) concentration, pH and myoglobin oxygenation in exercising human muscle. This led to the proposal that homeostatic control of myocellular energy balance involves a low-gain, closed-loop, concentration-dependent control mechanisms both with regard to cellular ATP as well as pO 2 [93] , as opposed to a high-gain, open loop, control paradigm proposed at the time for the special case of cardiac muscle [103] .
For various reasons, including the physical dimensions of the horizontal magnet bore of early in vivo NMR spectrometers, voluntary exercise paradigms used in these studies typically involved some form of cyclic contraction and relaxation of a muscle group in a single limb (e.g. the digital flexor muscles of the forearm and the calf muscle of the lower leg) [104] . With the advent of 'whole body' MRI scanners in the late 1980s, the dynamic range of in-magnet bodily motion was significantly increased, enabling for the first time in vivo MRS data gathering from the quadriceps muscle [105, 106] . An in vivo 31 P MRS study of energy and proton balance in this muscle in healthy subjects performing alternating bipedal leg extension exercise against an adjustable hydraulic resistance observed that the concentration ratio PCr/(PCr þ P i ), instead of falling abruptly at low workloads, decreased linearly over the entire work-range from rest to exhaustion [107] . Intra-sarcoplasmic pH likewise fell monotonously during exercise rather than abruptly at low workloads and attained a minimal value of a mere 6.8 [107] -i.e. significantly above the values of 6.5 or less commonly quoted in textbooks [101] . These findings were at odds with all previous results obtained either in biopsy studies or in vivo MRS studies employing single-limb exercise regimens. As such, they raised the question of what homeostatic control mechanisms of muscle PCr content and pH had previously been missed in single-limb exercise studies, and why.
The answer to this question goes right to the heart of the matter of this essay-i.e. the problem of reconstitution of the in vivo state in a laboratory setting. In skeletal muscle, the concentrations of PCr, P i and H þ are determined not only by the magnitude of fluxes within the intra-myocellular network of metabolic pathways and membrane transporters but also by fluxes within the supra-myocellular network of tissues and organs that interact via the vascular system to supply working muscle with O 2 and remove any accumulated CO 2 and lactic acid, respectively (figure 6). Hence, the quality of reconstitution of the in vivo concentrations of PCr, P i and H þ at any particular dynamic-or steady-state in any E-model of human skeletal muscle is dependent both on the level of reconstitution of this multi-scale network as well as on the maximal rates of muscle perfusion and pulmonary ventilation that may be achieved during any experimental intervention. The latter are regulated by changes in arterial pCO 2 and pH during exercise [108] . Whereas the single-limb quadriceps exercise protocol was associated with a change in the arterial pCO 2 but not pH [106] , any form of whole body exercise is typically associated with a significant change in both variables [109] due to recruitment of a much larger muscle mass than during any form of single-limb exercise. This finding may explain the finding of severe quadriceps muscle acidification during dynamic knee-flexion exercise [106] versus robust quadriceps muscle pH homeostasis during in-magnet whole body exercise [107] . The latter finding has since been confirmed independently in studies employing an alternative mode of in-magnet whole body exercise (i.e. in-magnet bicycling exercise; [110, 111] ). The employment of in vivo experimental interventions that recruit homeostatic actions of the supracellular bodily network of interacting organs and tissues in addition to cellular homeostatic mechanisms also benefits the clinical investigation of multifactorial disease. For example, in juvenile dermatomyositis, an inflammatory disease of the skin and muscle with a suspected vascular component, it was found that robustness of homeostatic control of muscle CEC and pH during bicycling exercise was maintained in a patient that responded well to anti-inflammatory treatment but lost in another patient that maintained idiopathic pain complaints following exercise even after treatment [112] . Specifically, the same abrupt drop in muscle pH observed previously in healthy subjects during single leg knee-flexion exercise [106] was observed in the symptomatic patient during in-magnet bicycling exercise (figure 7). Mitochondrial function in this patient was, however, intact if not superior as evidenced by twofold faster than normal kinetics of PCr recovery postexercise [112] . On basis of these findings in muscle, it was concluded that vascular function during exercise was compromised and that treatment in this particular case should additionally focus on normalizing the latter. This diagnosis may well have been missed if a single-limb exercise protocol and its associated normal range of CEC and pH dynamics had been used instead.
Summary
Any accomplishment of the scientific objectives of the VPH project is critically dependent on the availability of physiologically realistic E-models of human cells and organs for disease studies and drug screening. The examples discussed in this review highlight some of the challenges and recent solutions in the field of medical experimental biology to improve the physiological realism of such E-models. Using the quality of reconstitution of the in vivo state in a laboratory setting as its measure, two issues in particular stand out. First, the main challenge is to avoid the pitfall of reductionist experimental design. The latter may result either from physical truncation of the multi-scale in vivo network (e.g. by isolating cell organelles or organs from the body; § §2.1 and 2.4), from studying surrogate cell models rather than human cells ( §2.2), or from the use of surrogate instead of physiologically realistic experimental interventions (e.g. using ionotropic pharmeutical agents versus physical exercise to stress the human heart; §2.5.1). Secondly, the main path to E-model improvement has and will come from continuing application of technological innovation (e.g. the application of cell phenotypic reprogramming knowledge to develop patient-specific human cell models of disease; §2.3). Figure 7 . Quadriceps pH dynamics during progressive bicycling exercise to exhaustion in two paediatric patients diagnosed with juvenile dermatomyositis and an age-matched control. Patient no. 1 presented with lowered exercise tolerance and idiopathic upper leg muscle pain following exercise at the time of the MRS examination while exercise tolerance had fully recovered in patient no. 2. Both patients had received anti-inflammatory treatment. Solid lines depict the trend in the pH dynamics calculated using a spline function (adapted from [112] ). (Online version in colour.)
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